
lable at ScienceDirect

Carbon 120 (2017) 374e379
Contents lists avai
Carbon

journal homepage: www.elsevier .com/locate /carbon
A truncated-cone carbon nanotube cold-cathode electron gun

Xuesong Yuan a, *, 1, Yu Zhang b, 1, Matthew T. Cole c, Yang Yan a, Xiaoyun Li a,
Richard Parmee c, Jianqiang Wu a, Ningsheng Xu b, William I. Milne c, Shaozhi Deng b, **

a School of Physical Electronics, University of Electronic Science and Technology of China, Chengdu, 610054, China
b State Key Laboratory Optoelectronic Materials and Technologies, Guangdong Province Key Laboratory of Display Material and Technology, School of
Electronics and Information Technology, Sun Yat-sen University, Guangzhou, 510275, China
c Department of Engineering, Electrical Engineering Division, University of Cambridge, Cambridge, CB3 0FA, United Kingdom
a r t i c l e i n f o

Article history:
Received 22 November 2016
Received in revised form
13 March 2017
Accepted 14 March 2017
Available online 16 March 2017
* Corresponding author.
** Corresponding author.

E-mail addresses: yuanxs@uestc.edu.cn (X. Yu
(S. Deng).

1 Authors contributed equally to this work.

http://dx.doi.org/10.1016/j.carbon.2017.03.046
0008-6223/© 2017 Elsevier Ltd. All rights reserved.
a b s t r a c t

A concurrently high beam current and high current density carbon nanotube (CNT) cold cathode electron
gun is herein developed. A radial electron source has been realized, formed from CNTs synthesized
directly on the side walls of a stainless steel truncated-cone electron gun. Experimental results evidenced
a 35 kV/50 mA electron beam can achieve a beam transparency of nearly 100% through the use of double
anodes and crossed electric and magnetic fields. A maximum beam current density of 3.5 A/cm2 was
achieved. These results demonstrate the potential impact of coupling novel cold cathode gun architec-
tures and emerging nanomaterials and their collective role in augmenting the performance of incumbent
electron gun technologies, alongside allowing for the realization new types of field emission vacuum
electron radiation sources.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Vacuum electron radiation sources (VERS) have been applied
widely throughout commerce and industry; from national security
and space science, to communications and global navigation. Their
many functional advantages over their solid-state counterparts,
include, in particular, high output power (>1 GW) and high oper-
ation frequency (>1 THz) [1,2]. The electron gun is the central
component of every VERS device, withmost commercially available
modern electron guns employing thermionic cathodes. Their high
emission current density and stable performance make for robust
electrons sources, however; thermionic cathodes suffer from the
need for high temperature operation and a have therein a slow
temporal response. On the contrary, field emission cold cathodes
can be operated at room-temperature, and respond almost
instantaneously to local fields, allowing for facile and inexpensive
integration alongside aggressive miniaturization.

Carbon nanotubes have proven potential as high performance
field emitters in many varied laboratory scale devices [3e5]. The
an), stsdsz@mail.sysu.edu.cn
continued maturity of the technology necessitates the proof of
principle demonstration of higher technology readiness level de-
vices via systems level design. CNT-based electron sources have
been used in flat displays [6,7], X-ray sources [8,9], and travelling
wave tubes [10,11]. Comparedwith Spindt-type field emitter arrays,
recent advancements in nanofabrication have allowed for signifi-
cant cost reductions, coupled to rapid large area manufacturing via
advanced chemical vapour deposition (CVD) processes [12,13]. In
the present gun the CNTs are grown directly onto the emitter
without the need for any functionally deleterious, post-growth
wet-chemistry processing. Careful engineering of the growth pro-
tocol has allowed us to maximize the degree of adhesion between
the CNT and the SS304 substrate, thereby minimizing the degree of
CNT removal during operation; an on-going challenge facing nano
CVD-based VERS systems.

Nevertheless, various challenges continue to plague CNT-based
cold cathode VERS. Central to this is the lack of suitable gun-level
architectures that are capable of simultaneously producing high
beam currents and high current densities. To date, planar CNT cold
cathodes have struggled to obtain beam currents of tens of mA,
principally due to edge effects, gate losses, emitter degradation and
temporal attrition of the emitter [14e17]. In order to obtain large
beam currents one viable and common approach is too increase the
cathode emission area. Unfortunately increasing the emission area
alone often reduces the current density. Indeed, in most cases the

mailto:yuanxs@uestc.edu.cn
mailto:stsdsz@mail.sysu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2017.03.046&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
http://dx.doi.org/10.1016/j.carbon.2017.03.046
http://dx.doi.org/10.1016/j.carbon.2017.03.046
http://dx.doi.org/10.1016/j.carbon.2017.03.046


X. Yuan et al. / Carbon 120 (2017) 374e379 375
emission current density for larges area devices is often tens to
hundreds of mA/cm2. Although the emission current density of a
single carbon nanotube has been shown to be >1010 A/m2 [18], this
is largely a product of the very low emission area rather than a
concurrently high emission current and high emission area
[19e24]. Thus, a second common challenge lies in beam focusing as
a means to further increase the emission current density. Such
beam compression will also improve the cross-sectional spatial
uniformity of the electron beam, though such strategies are often
computationally demanding to engineer and challenging to
fabricate.

In this paper, a simultaneously high beam current and high
current density truncated-cone CNT cold cathode electron gun is
demonstrated. Here the CNT electron source is grown directly onto
the side walls of a stainless steel truncated-cone, towards realizing
a new generation of VERS. Double anodes and crossed electric and
magnetic fields are used to obviate edge effects and gate losses
resulting in the formation of a radially homogenous annular elec-
tron beam whilst also demonstrating the present architectures
ability to provide high-compression ratios of more than two orders
of magnitude.

2. Results

2.1. Truncated-cone CNT cold cathode diode experiment

In the truncated-cone CNT cold cathode diode experiment, as
depicted in Fig. 1A, the anode and cathode were separated by a
ceramic spacer some 1 mm thick (Fig. 1B). The right-hand side port
is that through which the primary electron beam is emitted.
Measurements were performed using pulsed mode operation with
a typical pulse duration of 10 ms. The maximum negative output
voltage was set to �15 kV, which was connected to earth through
resistors R1 (4 kU) and R2 (36 kU), where R1 is a protection resistor
and R2 is a high-voltage divider resistor. The cathode is connected
to the negative high voltage and the anode is connected to the earth
through the protection resistor Rp and a test resistor Rtest (106 U).
Through probing the voltage across Rtest using an oscilloscope (HP
infinium) we calculate the beam current. The truncated-cone CNT
Fig. 1. Truncated-cone CNT cold cathode diode experiment. (A) Experimental sche-
matic, inset: photo of a typical fabricated truncated-cone CNT cold cathode. (B) Photo
of the complete truncated-cone CNT cold cathode diode gun. (C) Scheme of the
truncated-cone CNT cold cathode coaxial diode. (D) Experimental field emission cur-
rent as a function of anode voltage, inset: Fowler-Nordheim plots. (A colour version of
this figure can be viewed online.)
diode source in mounted in a vacuum chamber at 9 � 10�5 Pa. Ua is
the actual voltage applied on CNT cold cathode, which can be
calculated by:

Ua ¼ U0
R2

R1þ R2
� I

�
Rp þ Rtest

�
(1)

where U0 is the power supply output voltage, and I is the field
emission current given by Utest/Rtest, where Utest is the oscilloscopes
second channel monitor. Using this method we observe clear
emission stabilization characteristics in single high voltage pulse
process. Fig. 1C shows the experimental setup. The cathode height
was 9.8 mm, with a top and bottom radii of 8.0 mm and 8.5 mm,
respectively. The total area of the CNT cold cathode was 5.08 cm2.
The inner wall of the anode lies parallel to the outer wall of the
cathode, with the cathode lying coaxial within the anode. The
distance between anode and cathode was 1 mm. By changing the
cathode position along the axis, the inter-electrode separation can
be accurately adjusted with a resolution of 50 mm per mm of lateral
travel. Fig. 1D shows typical emission currents as a function of the
applied voltage. The three typical test profiles correspond to; before
the forming processing (square), after the forming processing
(circle), and after 2 h continuous operation (triangle). The low
initial field emission performance is a result of but a few carbon
nanotubes (approx. 10% of the population) emitting. The subse-
quent forming processing profile is associated with the CNT cath-
ode that has been processed with short high voltage pulses (7.5 kV/
100 ms). The maximum emission current achieved was 103 mA for
the treated samples, where this treatment effectively activated a
greater proportion of the CNT population. The continuous opera-
tion profile shows the emission performance after 2 h pulsed
operation. Here, the operation current was about 70 mA at 1 Hz. To
investigate the robustness of the present sources, we increased,
significantly, the operation voltage of the continuous samples
following the 2 h experiment. Notable high voltage arcing occurred
for fields in excess of 8.3 V/mm, with post-SEM analysis showing
serious degradation of the CNT.
2.2. Truncated-cone CNT cold cathode electron gun experiment

The CNT truncated-cone gun was mounted in a ceramic (99%
Al2O3), fully-sealed vessel evacuated to a base pressure of
<10e�7 Pa prior to sealing in a double-vacuum baked device. The
distance between the cathode and control anode is 1.3 mm. The
length of the anode is 245 mm. At the gun output port a sapphire
(Al2O3) window was used to seal the unit. To observe the electron
beam spot dimensions, an ITO-coated glass electrode was fixed in
the front of the output window with a single lens reflex camera
mounted some 5 mm distant. Fig. 2A shows the electron gun
scheme. The CNT-coated truncated-cone was produced by directly
synthesising the CNT by thermal chemical vapour deposition on the
catalytically active stainless steel (SS304) substrate. Type SS304
was selected over other steel types given its low cost and its high
proportion of CNT suitable catalytically active species; chiefly, iron
(60%), and nickel (8%). Fig. 2C shows a photograph of the sealed CNT
cold cathode. In order to decrease edge effects along the tubes long
axis, the CNT cold cathode is sandwiched between two stainless
steel truncated-cones. To avoid contamination, the CNT was grown
on the central section independently, which was latterly installed
in the tube. Fig. 2D shows a typical SEM micrograph of the as-
grown CNT. The CNT had a uniform areal coverage and had a
typical diameter between 20 and 50 nm.

Experiments were performed using high voltage pulses some
100 ms in duration, operated at a pulse frequency of 1 Hz. The
electron gun was installed in a custom-built 9.2 T superconducting



Fig. 2. Truncated-cone CNT cold cathode electron gun. (A) Scheme of truncated-cone CNT cold cathode electron gun. (B) Photograph of truncated-cone CNT cold cathode electron
gun. (C) Photograph of CNT cold cathode. (D) SEM micrograph of the typical as-grown CNT. (A colour version of this figure can be viewed online.)
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magnetic system. The profile of the magnetic field intensity along
the tube central axis is shown in Fig. 4B. �35 kV was divided to
provide the negative high voltage for the cathode and control
anode. The anode was connected to earth through a test resistance,
Rtest (475 U). The bias on Rtest was recorded with a dual channel
oscilloscope (HP infinium) and the beam current therein extracted.
We observe clear emission stabilizationwithin a single high voltage
pulse. A typical emission current profile is shown in Fig. 3A. An
example image of the electron beam spot is shown in the insert of
Fig. 3A. The average radius of the beamwas about 1.1 mm, giving an
experimental compression ratio of approximately 100. The typical
beam current, as a function of the voltage difference between
cathode and control anode, is shown in Fig. 3B. The maximum
beam current was around 50mA. Fig. 3C shows the pulsed emission
stability under varied operation frequencies. Here, the electric field
was 7.5 V/mm and the pulse duration was 100 ms. The initialization
emission current was about 25 mA. Between 0 and 6 h the opera-
tion frequency was 1 Hz and the emission current remained un-
changed. Then, the emission current decreased by 4% after 6 h
operating at a pulse frequency of 10 Hz. When the operation fre-
quency was further increased to 100 Hz, the emission current
decreased by a further 35% over the subsequent 6 h. Experimental
results of pulsed emission stability show a low robustness oper-
ating at a pulse frequency of 100 Hz. However, the lower the
operation frequency is, the longer its life-timewill bewith the same
operating voltage. Thus, when the CNT cold cathode operates at a
pulse frequency of 1 Hz and the mission current decreases by 8%,
the life-time will be more than 120 h.

2.3. Simulation results

A major advantage of the proposed truncated-cone architecture
is the high compression ratio. Here we investigated this functional
Fig. 3. Experimental results of truncated-cone CNT cold cathode electron gun. (A) A typical
ITO-coated glass. (B) Experimental results of electron beam current as a function of electric fi
different operation frequencies (1 Hz, 10 Hz and 100 Hz). (A colour version of this figure c
feature as a means to realize a 220 GHz gyrotron radiation source
[25]. The high compression truncated-cone gun is designed using
commercially available 3D simulation software (CST). Given the
semi-metallic nature of themisaligned CNT, the basic field emission
process is suitably well described by a generalised Fowler-
Nordheim equation, of the form: J ¼ AE2 expð�B=EÞ. Here A and B
are the approximate Fowler-Nordheim constants, which are esti-
mated according to our previous experimental results [26,27]. In
order to obtain a high compression ratio, a strong axial magnetic
field is required. Fig. 4A shows the simulated beam trajectories
under a field of 8.4 T operating at 35 kV/50 mA. The coaxial cathode
and control anode are depicted in inset (2). Here we increased the
top and bottom radii of the truncated-cone which we set as 4.2 mm
and 4.7 mm, respectively. The height of cathode was 5 mm. The
distance between the cathode and control anode was 1.3 mm. An
inter-electrode gap, dg ¼ 0.8 mm was used to allow the electron
beam to pass through the cavity efficiently. The total gun length
was 260 mm. The left end axial position is defined as z ¼ 0 mm.
Fig. 4B shows the profile of the magnetic field intensity along the
central axis, which was obtained based on the experimental mag-
netic field system. In the cathode region the magnetic field Bc is
approximately 0.5 T. At the beam output port, the magnetic field B0
is 8.4 T.

The primary emission area was 44.7p mm2. Changing this area
(side wall of the truncated-cone) into a plane ring gives an inner
radius of 4.2 mm. The outer radius reaches 7.9 mm, as illustrated in
Fig. 5A. Fig. 5B shows the beam spot cross-section at z ¼ 26 mm
(anode input port). The inner and outer radii of the beam spot are
4.2 mm and 4.7 mm, respectively. Fig. 5C shows the beam cross-
section at z ¼ 260 mm (gun output port). The system is designed
to mediate two-stage compression. Firstly, the emitted electrons
move towards the control anode, here beam gyration/helical mo-
tion occur along the magnetic field line. The first-stage
test curve of beam current signal and high-voltage on oscilloscope, inset: beam spot on
eld, inset: Fowler-Nordheim plot. (C) Pulsed emission stability of CNT cold cathode with
an be viewed online.)



Fig. 5. Electron phase space. (A) CNT cold cathode emission area in plane 1, (B) in plane
2 (z ¼ 26 mm), (C) in plane 3 (z ¼ 260 mm). (D) Beam inner and outer radii as a
function of axis. (A colour version of this figure can be viewed online.)

Fig. 4. Beam trajectories within the CNT truncated-cone electron gun. (A) Simulated
beam trajectories, inset (1): expanded view of the primary emission zone, inset (2):
cross-sectional view of the structure. (B) Magnetic field intensity profile along the tube
central axis. (A colour version of this figure can be viewed online.)
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compression is completed at the anode input port. The electron
beam cross-section is compressed from the cold cathode emission
area (44.7p mm2) into a beam spot approximately 4.45p mm2,
(Fig. 5B). In this first compression process, the magnitude of the
magnetic field is almost unchanged and the electron beam current
density is increased tenfold. In the second compression stage, the
electron beam transits past the anode. The electric field here is
largely unchanged whilst the magnetic field is increased. The beam
is adiabatically compressed by the magnetic field. The radius of the
electron beam starts to decrease, at an increasing rate, as a function
of axial length. At the gun output port the inner and outer radii of
electron beam are 1.0 mm and 1.2 mm, respectively. The electron
beam cross-sectional area reduces from 4.45p mm2 to 0.44p mm2

(Fig. 5C). At the gun exit port the electron beam cross-sectional area
is compressed by approximately 100 times, with the beam current
density correspondingly enhanced by a comparable amount. Fig. 5D
shows the beam inner and outer radii as a function of axis position.
As illustrated in Fig. 4B, we can find the beam centre radius is about
1.5 mm at z¼ 150mm and themagnetic field at this position is only
4.8 T.

3. Materials and methods

Obtaining high emission currents is an evident prerequisite to
realize an emerging class of advanced vacuum electron radiation
sources. Here we achieve an increased beam current by increasing
the effective emission area through the use of a truncated-cone
cathode architecture. In the present system the CNTs are grown
on the side walls of a SS304 truncated-cone through the use of
thermal chemical vapour deposition, as reported in detail else-
where [28]. The CNT growth was conducted for 10 min in a high
temperature furnace operated at 750 �C (35 �C/min) under an at-
mosphere of ethylene (20 sccm, purity 99.9%), hydrogen (200 sccm,
purity 99.9%), and argon (200 sccm, purity 99.9%) at near atmo-
spheric pressure.

The cathode (inner conductor) and anode (outer conductor) are
coaxial and the side wall of the cathode is parallel to the inner side
wall of anode in the truncated-cone model, shown in Fig. 6A. When
a high electric potential is set on the anode, the electrons emit from
the CNT via cold cathode emission. The electrons principally emit
perpendicular to the cathode surface. For a given cone-angle q, the
electron velocity consists of an axial and vertical component.
Emitted electrons tend to gyrate along themagnetic flux line whilst
propagating in the axial direction. For a larger cone-angle the ver-
tical velocity decreases and the radius of gyration of the electrons
(the beam undulation) will decrease with the same operation
magnetic field amplitude. Thus, the operation magnetic field
amplitude can be lowered. When q tends towards 90�, the
truncated-cone model approaches a more conventional parallel
plate system. Under such circumstances, magnetic fields are no
longer necessary, but significant apertures must be opened within
the anode to facilitate beam propagation. This model encompasses
conventional Spindt-type systems. In such systems the uniformity
and strength of the electric field at the cold cathode surface is
severely inhibited, with significant deleterious beam bombarding
effects occurring at the anode. On the contrary, there is no
requirement for apertures in the anode in the present truncated-
cone architecture, reducing the need for costly, high precision
laser or water-jet cutting. The electric field on the cold cathode
surface is comparatively more uniform and the strength of the
electric field on the cathode surface is thereby enhanced. In an
infinite parallel plate model, the electric field uniform distribution
between two plates and the electrostatic field is obtained from
E ¼ U/d. Here U is the electric potential difference between two
plates, and d is the distance between the plates. In an infinite length
coaxial model, the electric field is compressed on the surface of the
inner conductor (cathode), giving E ¼ U/(R*ln(Ra/Rc)). Here R is the
radial position, and Rc and Ra are the cathode and anode radii,
respectively. When R ¼ Rc and d ¼ (Ra-Rc), the potential difference
in the two cases are equivalent. The field enhancement factor b of
the infinite length coaxial model, as compared to the infinite plate
model, is b ¼ (Ra-Rc)/(Rcln(Ra/Rc). Fig. 6B shows electrostatic field
simulations of the truncated-cone operated in diode mode. In order
to decrease edge effects along the axis, the CNT cold cathode is
sandwiched by two radially nested, and axially separated
truncated-cones. The CNT cathode is located at the midpoint. The
total height of three sections is 10 mm. The height of the CNT
cathode is 6 mm. q of three truncated-cones is equivalent. The top
and bottom radii of the truncated-cones are 1.0 mm and 1.5 mm,
respectively. The top and bottom radii of inner wall of anode are
11.0 mm and 11.5 mm, respectively. The height of the anode is
10.0 mm. The distance between cathode and anode is 10.0 mm. The



Fig. 6. Truncated-cone CNT cold cathode model. (A) Truncated-cone cold cathode electron gun model. (B) Simulation results of electrostatic field on cross-section, (C) electrostatic
field amplitude on two blue lines on cathode surface. (A colour version of this figure can be viewed online.)
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potential difference between the cathode and anode is 10 kV. The
anode is grounded. Based on this potential difference, an electric
field of 1.0 kV/mm is anticipated in the two plate diode model.
However, an electric field of about 3.6 kV/mm is anticipated in the
truncated-cone model. Our finite element modelling suggests
electric fields on the cathode and anode surfaces of 3.68 kV/mm
and 0.43 kV/mm, respectively (Fig. 6B). Fig. 6C shows the electric
field at two inspection points on the surface of the cathode (whose
positions are depicted in the inset). The electric fields are very
notably uniform (blue line, 3.70e3.75 V/mm). The change in the
electric field along the longitudinal direction line is also rather
small (red line, 3.70e4.10 V/mm), since the radius of the truncated-
cone is reduced and the enhancement factor increases.

4. Discussion

Carbon nanotubes can be grown conformally on flat, curved and
highly perturbed surfaces [28e30]. It is the former of these, coating
of CNT onto planar surfaces, which pose many difficulties and
insurmountable processing challenges if Spindt-type CNT field
emission cathodes were to be used. In order to increase the in-
tensity of the electric field at the cathode surface, the size of the
grid aperture should be minimised. Unfortunately, however, this
will likely stimulate a short circuit between the cathode and grid,
alongside high grid losses, as well as loss of emission uniformity, all
of which are especially difficult to overcome simultaneously. By
exploiting emerging CNT growth techniques on curved and coaxial
structures, many of these problems are solved immediately. Such
design methodologies allow the distance between the cathode and
grid (outer conductor) to be as large as necessary whilst also
allowing for the electric field on cathode surface to be enhanced.
Grid interception and losses therein, are also dramatically reduced
since an axial magnetic field and large cathode-grid gap are set. By
extending the emission sit area along the axial direction, the
effective emission area per unit planar area is much more than that
attainable with conventional Spindt-type cold cathodes.

To satisfy the 220 GHz gyrotron operational parameters, we
select a magnetic field of 8.4 T. As a result, the present gun design is
particularly long relative to a more optimal design and in com-
parison to other systems. To mediate further axial miniaturization,
it is necessary for the magnetic field, as a function of tube length, to
increase at a greater rate, though our simulations suggest under
such field conditions significant electron back bombardment may
occur due to magnetic mirroring effects. The length of electron gun
can be shortened if we lower the gyrotron frequency or develop
other VERS architectures. In the present gun architecture, only
15 mm separates the input port at the anode tunnel, though a
tenfold compression ratio is still achievable. If the current density
requirements of any given application can be satisfied at lower
compressions, then the length of electron gun can be reduced to
around 20 mm. Furthermore, the operation magnetic field is only
0.5 T, which too can be reduced if we increase the distance between
cathode and anode.

The truncated-cone CNT cold cathode, as a new architecture
towards new VERS paradigms, has merit in application not only in
traditional devices but also in new vacuummicroelectronic devices.
The radii of the truncated-cone CNTcold cathode and control anode
are set at 5 mm and 50 mm in a vacuum microelectronic device,
respectively. Compared with the parallel plate diode system the
electric field on the cathode surface will increase by approximately
a factor of four. Compared with comparable grid systems, this is a
substantial increase and the electric field on cathode surface is
manifestly more uniform. Simultaneously, by increasing the height
of the truncated-cone, the emission area will be effectively
enlarged. Should only the first-stage compression be necessary, the
requiredmagnetic field will be particularly small and easy to realize
making it widely appealing to a variety of small-scale vacuum
microelectronic devices.

Our studies also suggest that the size of the emission unit can be
changed from the mm to the mm scale. Collectively there are
manifold functional advantages to the present truncated-cone ar-
chitecture, including an increased cathode-grid gap, enhanced local
electric field decreased requirements on magnetic fields, and
reduced grid losses, all of which may assist in the realization of the
next generation of nanomaterial-based functionally advanced
VERS.

5. Conclusion

A maximum beam peak power of 1.75 kW was measured of-
fering one solution to the on-going issue of low beam power from
CNT-based vacuum power electronic devices, whilst simulta-
neously increasing the beam current density by two orders of
magnitude via axial magnetic compression. A fully-sealed electron
gun, demonstrated in a 220 GHz gyrotron radiation source, has
been developed and through further materials optimization and
macro-scale architecture improvements, we believe the present
study provides a positive outlook towards realizing CNT-based cold
cathode millimetre-wave and terahertz VERS devices, including
gyrotrons, travelling wave tubes, and backward wave oscillators.
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